The e 65 pi; bri ru stock of Drosophila ananassae produced an extremely high rate of recombination in males when made heterozygous with any one of the wild type stocks. We analyzed and characterized the genetic factors which caused this phenomenon. We show that the second chromosome of the e 65 pi; bri ru stock carries an enhancer of male recombination. The enhancer, En(2)-ep, is located between Om(2C) and Arc. The enhancement of meiotic recombination both in males and females was also observed at the specific region between Om(2C) and Arc on 2L. The magnitude of increased recombination was 30~40 fold in males and 13~30 fold in females. The relation between the hotspot of recombination in both sexes and the enhancer of male recombination is discussed.
INTRODUCTION
The occurrence of spontaneous crossing over in males of Drosophila ananassae was discovered independently by Kikkawa (1937) and Moriwaki (1937 Moriwaki ( , 1940 . They concluded that the events were under genetic control. The genetic system that controls crossing over in males of D. ananassae is a complex one and is composed of several enhancers and a suppressor mapped on chromosome 2 and 3 (Hinton, 1970; Matsuda et al., 1993) . In addition, two different extrachromosomal suppressors of crossing over in males have been reported by Hinton (1974) and Matsuda (1989) . observed that chiasmata exist in males at a frequency which can account for the increased rate of recombination in males thus suggesting the meiotic origin.
It has been noticed that F 1 males from crosses between the e 65 pi; bri ru stock and any one of the laboratory stocks or isofemale lines established from wild caught females consistently produced recombinants at extremely high frequencies in both chromosomes 2 and 3. Preliminary experiments showed that chromosome 2 of an inbred line, 8N-2, derived from the e 65 pi; bri ru stock carries some genetic elements that cause male recombination (Goñi, 1989) . In the present study we show that an enhancer of recombination in chromosome 2 of the e 65 pi; bri ru stock causes male recombination and also a site specific increase in recombination in both males and females when heterozygous with a wild type homologue.
MATERIALS AND METHODS

Stocks.
The stocks used in the present study are listed in Table 1 along with the gene arrangements. The L8 wild type stock is the same as that previously used by . The e 65 pi; bri ru (8N-2) stock is an inbred sub-line of the e 65 pi; bri ru stock (Goñi, 1989) , which is a derivative of the e 65 Arc pi; bri ru stock used in the previous experiments (Matsuda and Tobari, 1983, 1987 same as that used by Hinton (1970) . The genetic symbols follow the description by Tobari (1975, 1993) . Genetic markers are ca (claret eye color), Sb (stubble bristles), e (ebony body color), Om (2C) (optic morphology), Arc (arc wing), pi (pink eye color), and Pr (prickly bristles) on chromosome 2, and bri (bright eye color), pe (peach eye color), stw (straw body color), px (plexus wing vein), and ru (roughoid eye texture) on chromosome 3. Om(2C) is cytologically located at 44C, close to the centromere of chromosome 2 (Matsubayashi et al., 1992) . Approximate positions of these genetic markers and the paracentric inversions, In(2L)A, In(3L)A, and In(3R)A , are shown in Fig. 1 .
Mating scheme. Recombination frequencies in males were assessed using the same procedure described by . F 1 males of a given genotype were individually crossed to three appropriate marker virgin females (3~4 days old) and transferred three times to new vials every fourth day. To assay female recombination, newly emerged F 1 females of a given genotype were crossed to three appropriate marker males (3~4 days old) and transferred to new vials three times every fourth day successively. All progeny recovered from these vials were examined for recombination. Experiments were carried out at 25°C using a cornmeal, yeast, glucose, and agar medium. Table 2 and Fig. 2 . The frequency of exchanges was not even along the chromosome. Remarkably increased recombination was found in the Om(2C)~Arc section of the proximal region of 2L. A specific enhancement of recombination in the Om(2C) Arc section was also observed in females (Table 3 , Fig.  2 ). This increased recombination in females, however, could be due to the interchromosomal effect (Shultz and Redfield, 1951) . It has been known that heterologous inversions increase the frequency of meiotic exchange, especially pronounced in the centromeric region. Therefore the interchromosomal effect on recombination in the Om(2C)~Arc section was examined using females and males carrying some inversions on 2L, 3L, and/or 3R. The results are given in Table 4 . An examination of these data indicated that the presence of the In(3L)A and In(3R)A increased recombination in the Om(2C)~Arc interval in females but not in males over the standard map distance, 0.4 cM. The magnitude of the interchromosomal effect in females was 3~8 fold, which was noticeably less than the sharp increase (13~30 fold) observed in females heterozygous for e 65 pi; bri ru. The site specific increase of recombination observed in females can not be solely due to the interchromosomal effect.
Mapping an enhancer of recombination. The mating scheme designed to map a putative genetic factor(s) which increases recombination in both males and females and recombinational hotspots at which recombination occurs with an unusually high frequency in males and females in the e 65 pi; bri ru (8N-2) stock is shown in Fig. 3 .
Recombination values of individual males of two genotypes, R [Om(2C) pi ] / + +(L8) and R [e 65 Arc ] / + +(L8),
are plotted for the nine replicates in Fig. 4 (R represents recombinant chromosomes). Males were classified into two groups: one having no or a very low level of recombination, which were classified as En -carriers, and the other producing high frequencies of recombination (ranging from 7 to 28%), which were classified as En carriers as shown in Table 4 , the interchromosomal effects on recombination were found in females, especially when they carry In(3L)A and In(3R)A. The respective ranges for recombination frequencies observed for individual females carrying a particular inversion shown in Table 4 is shaded in Figure 5 as a zone of control level of recombination. Most plots for Om(2C) Arc / + + (L8) (Fig. 5D ) and R[Om(2C) pi ] / + + (L8) (Fig.  5C ) females are within the range of the normal level. This indicates that no effects of the enhancer were observed in females of these two genotypes. In contrast, the increased recombination was pronounced in both the e 65 pi / + + (L8) (Fig. 5A ) and R [e 65 Arc ] / + + (L8) (Fig. 5B) females. However, recombination frequencies are continuously distributed, and it is difficult to classify the results into two groups, carriers or non-carriers of the enhancer.
Location of the enhancer of recombination and the recombinational hotspots. The En(2)-ep locus was mapped at the region between Om(2C) and Arc at which recombination occurs with unusually high frequency. To clarify the position of the En(2)-ep locus and the recombinational hotspots, recombination frequencies in the e~pi and Om(2C)~Arc intervals were scored for both sexes of the same genotypes. A recessive lethal chromosome, e 65 pi l(2)93 recovered from a e 65 pi; bri ru /Om(2C) Arc female was kept over a balancer of chromosome 2, Lo. Using this strain, drastic reduction in the recombination frequency for the e~pi region was observed only in (Tobari, 1993) males heterozygous for e 65 pi l(2)93, indicating a lesion of the En(2)-ep function in males (Table 6 ). Recombination in females of the same genotype was also reduced to the normal. These data show that the e 65 pi l(2)93 chromosome also loses the region of recombinational hotspots.
DISCUSSION
In D. ananassae, frequent male recombination has been reported, and the three enhancers of male recombination, En(2)-cm, En(2)-cc, and En(2)-hn, were mapped in the region between e and Arc on 2L. Based on the results of an allelism test, the first two enhancers seem to be allelic, but En(2)-hn appears to be a pseudoallele or a closely linked separate locus (Matsuda and Tobari, 1983, 1987) . In the present experiment, we found a new enhancer, designated as En(2)-ep, and mapped it at 0.1 map unit to the right of the Om(2C) locus. Based on the cytological location of the Om(2C) locus (Matsubayashi et al., 1992) , En(2)-ep is located at the right of 44C, closely linked to the centromere. The three enhancers and the En(2)-ep locus were located within the interval e ~Arc of the second chromosome.
Within the same interval Om(2C)~Arc, we found a site specific increase in recombination in both males and females. These results may indicate that the enhancer of male recombination and the hotspots of recombination are tightly linked or that the enhancer exists within the hotspot region. The lethal chromosome e 65 pi l(2)93 did not enhance recombination frequencies in either heterozygous males or females. This also suggests a tight linkage between the enhancer of male recombination and the hotspots of recombination. Whether the En(2)-ep and the recombinational hotspots are separable remains to be determined. Cytological studies have demonstrated that male recombination in D. ananassae is meiotic in origin . The enhancement of female recombination which was observed in the present report must also be meiotic in origin because the recombination products were reciprocal. Increased recombination in females may be caused by the common factor, En(2)-ep, although we were not able to map it in females.
In D. melanogaster, Dorer and Christensen (1989) found that female recombination between the flanking markers ri and Ki in the proximal region of the third chromosome is increased in the presence of Tpl hypomorphic alleles. This region has long been known to be somewhat peculiar: for example, the coefficient of coincidence is quite high (Green, 1975) . Dorer and Christensen (1989) also found premeiotic recombination at Tpl locus in heterozygous males with frequencies of recombination varying from 0 to 3%. Although the function of Tpl is not known, they suggest the possibility that transposons are responsible for this high frequency of recombination at a specific site.
Interestingly, the third chromosome of D. melanogaster corresponds to the second chromosome of D. ananassae (Patterson and Stone, 1952) . It is thus of considerable interest to see whether the hotspot identified in the present study is related to a sequence similar to that found near the Tpl locus of D. melanogaster and if transposons are responsible for the high frequency of recombination.
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